Fungi are a newly emerging source of peptide antibiotics with therapeutic potential. Here, we report 17 new fungal defensin-like peptide (fDLP) genes and the detailed characterization of a corresponding synthetic fDLP (micasin) from a dermatophyte in terms of its structure, activity and therapeutic potential. NMR analysis showed that synthetic micasin adopts a "hallmark" cysteinestablized α-helical and β-sheet fold. It was active on both Grampositive and Gram-negtive bacteria, and importantly it killed two clinical isolates of methicillin-resistant Staphylococcus aureus and the opportunistic pathogen Pseudomonas aeruginosa at low micromolar concentrations. Micasin killed approximately 100% of treated bacteria within 3 h through a membrane nondisruptive mechanism of action, and showed extremely low hemolysis and high serum stability. Consistent with these functional properties, micasin increases survival in mice infected by the pathogenic bacteria in a peritonitis model. Our work represents a valuable approach to explore novel peptide antibiotics from a large resource of fungal genomes.
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ascomycota | methicillin-resistant Staphylococcus aureus | plectasin | mouse peritonitis model A ntimicrobial peptides (AMPs), typically 12-80 amino acids in size, are key effectors of innate immunity in multicellular organisms (1) . They comprise the first line of defense to rapidly clear pathogens in the early stage of infection through a multitarget mode of action, which may serve to prevent or delay evolution of microbial resistance. Their diverse action modes include disruption of membrane integrity, impairment of nucleic acid and protein synthesis, inhibition of chaperone-assisted protein folding, interruption of cell-wall biosynthesis pathway, and even targeting of membrane biogenesis (2) (3) (4) . Some vertebrate AMPs (e.g., human cathelicidins and defensins) have also evolved a multifunctional, immunomodulatory ability in bridging the innate and adaptive immune systems (5) .
The unique properties of AMPs make them attractive candidates for the development of antiinfective drugs with reduced risk of resistance (1, 6) , especially when used in combination. To date, some such peptides and their derivatives are in clinical trials (7) (8) (9) ; however, they have proven difficult to reach the market as systemic (parenteral and oral) therapeutics owing to limitations including nonspecific toxicity, suboptimal efficacy, and lability to serum proteolysis (7, 8) . Studies have shown that when systemically applied, some mammalian AMPs produce side effects, probably due to their immunomodulatory properties interfering with the normal immune network and inducing an exacerbating inflammatory response. Turning to nonmammalian sources of AMPs offers the potential to develop new classes of antimicrobial agents. Plectasin, the first defensin isolated from the saprophytic fungus Pseudoplectania nigrella (Ascomycota: Pezizomycota), is of particular interest as it selectively targets Gram-positive bacteria with particular activity against Streptococcus pneumoniae (10) . Its lack of induction of the inflammatory cytokine interleukin-8 (IL-8) has also been confirmed (11) . Following its discovery, plectasin-related peptides in fungi have also been reported recently using bioinformatics approaches (12) .
Here, we describe 17 fungal defensin-like peptide (DLP) genes and the detailed characterization of a DLP (herein referred to as micasin) from the dermatophytic fungus Microsporum canis using the synthetic peptide. Our results show that fungal genomes are a source of antiinfective therapeutic agents that can be rapidly characterized by an integrated computational and experimental approach. The potential applications of dermatophytes in developing drugs against skin-derived bacterial infections (e.g., Staphylococcus aureus and P. aeruginosa) are highlighted.
Results
Fungal Genomes Are a New Source of Defensin-Like Peptides. From recently sequenced fungal genomes, we identified 17 DLP genes. These DLPs can be grouped into four different families based on their sequence similarity, three of which are classified into known families (fDEF1, fDEF2 and fDEF5) (12) (Fig. 1 ). In comparison with fDEF1, fDEF2 has a smaller, less anionic propeptide, whereas the precursors of fDEF5 and the family fDEF7 lack a propeptide. Peptides in fDEF7 have a unique structural characteristic in that their amino-termini are longer and rich in histidine compared with other DLPs.
The fDEF1 members belong to ancient invertebrate-type defensins (AITDs) (12) and they all originated from Pezizomycota (Ascomycota) classified into three genera: Ajellomyces, Arthroderma, and Trichophyton (Table S1 ). Species derived from the latter two genera belong to dermatophytic fungi. The mature DLPs share 30% to 60% sequence identity with plectasin, and they all carry net positive charges from þ1.2 to þ5.2 at physiological pH (Fig. 1A) , providing a possibility to bind polyanionic bacterial membranes by electrostatic interaction. Despite the overall net positive charge nature, these peptides have a net negatively charged N-terminal loop (n-loop), as in the case of plectasin. Aside from six conserved cysteines, the fDEF1 family has three identical residues (Ser 17 , Gly 19 , and Gly 23 , numbered according to micasin) whose conservation is across the alignment. The fDEF2 members belong to classical invertebrate-type defensins (CITDs) (Fig. 1B) . However, unlike other known CITDs (12), these fungal CITDs carry net charges of −0.6 to −4.8, a characteristic previously observed in the tick scasin-type defensins (13) . Except labisin in Basidiomycota (Agaricomycotina), a sister group to the Ascomycota, all other members come from Ascomycota (Pezizomycotina). Analysis of exon-intron structures of the newly discovered DLPs revealed that despite low sequence similarity among families 1, 2, and 7, some of them share a conserved phase-0 intron within the α-helical region (Fig. 1) , suggesting common ancestral origin for these DLP families.
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M. canis DLPs. M. canis is the only species whose genome encodes two DLPs (micasin and micasin-1) with low sequence similarity. These two DLPs are functional genes, as evidenced by cDNA cloning ( Fig. 2A; Fig. S1 ). In a Neighbor-Joining (NJ) tree, micasin-1 is separated as a single clade with a large distance from micasin, whereas micasin and other members constitute another orthologous clade (Fig. 2B) , suggesting that these two M. canis DLPs originated by an early gene duplication preceding speciation of Pezizomycotina. In the subsequent evolution, the orthologue of this gene lost in other fungal lineages. Because of evolutionary retention in genomes of many fungal species hints functional importance of micasin and its orthologues, we thus selected micasin as a representative for detailed structural and funtional investigations.
Micasin shares 49% to 62% sequence identity with defensins from oysters, ticks, scorpions, and dragonflies, with four variable regions located at three loops and the carboxyl-terminus (Fig. S2A ). We chemically synthesized the reduced form of micasin and then folded it by air oxidation in an alkaline environment. The oxidized product was purified to homogeneity by RP-HPLC, where it was eluted at the retention time (T R ) of 21 min, earlier than its reduced form (T R of 23.2 min) (Fig. 2C ), indicating that more hydrophobic residues are less accessible. To verify disulfide bond formation, we analyzed the sample using MALDI-TOF MS and determined an experimental molecular weight (MW) of 4055.7 Da (Fig. 2C ), 5.98 Da less than the theoretical MW (4061.68 Da) calculated from its primary sequence, indicating that six hydrogen atoms in the cysteines of the reduced peptide have been removed when three disulfide bridges are formed. We then studied the structural features of micasin by circular dichroism and found that it displayed a minimum at 208 nm and a maximum at 198 nm ( Fig. 2D ), demonstrating that it has folded into a native-like conformation similar to other peptides with a cysteine-stabilized α-helical and β-sheet (CSαβ) fold (14) .
Micasin Adopts a Typical CSαβ Fold. The three-dimensional structure of micasin was determined by NMR spectroscopy. The 1D 1 H NMR spectrum of micasin showed good dispersion (<2 ppm) in the amide region, indicative of a highly structured peptide. Two-dimensional spectra were recorded at temperatures ranging from 283 to 303 K and a full assignment was obtained, except that no amide resonances could be detected for Arg 30 , Ala 31 or Thr 32 at any temperature studied and the amide resonance for Leu 29 was only observed in spectra obtained at 283 K. This lack of signals suggests that this region of the peptide is highly flexible and its proton resonances are broadened beyond detection. Determination of translational diffusion coefficients from pulse field gradient NMR experiments indicate that the peptide is monomeric under the same conditions as used for the structure calculations (Table S2) . A summary of nuclear Overhauser effect (NOE) data is displayed in Fig. 3A and Hα secondary shifts used to locate elements of secondary structure (15) are provided in Fig. S3 .
A number of resonances were observed for more than 20 h after the peptide was dissolved in deuterated water. This finding strongly suggests that these 10 ) were fully consistent with the NOE data and were included as restraints in the structure calculations. The resulting family of structures (Fig. 3B) had good structural and energetic statistics, as shown in Table S3 . A ribbon representation of the secondary structures is shown in Fig. 3C . Analysis of the structures with PROCHECK (16), excluding the undefined region Leu 29 -Thr 32 , showed that 100% of the residues were in the most favored or additionally allowed regions of the Ramachandran plot. Analysis of the structures with PROMOTIF (17) identified an α-helix between residues 7-18 and a β-sheet consisting of two antiparallel strands between residues 22-26 and 32-36. A short sequence of only three residues (20) (21) (22) links the helix to strand I. The loop connecting the two β-strands (residues 27-31) is highly flexible, with no dominant turn type defined. The Cys 4 -Pro 5 amide bond adopts an unusual cis-conformation, as observed in two Molluscaderived AITDs (MGD-1 and Cg-DEF). The three disulfide bonds are arranged as in a typical CSαβ motif; that is, the Cys 4 -Cys 25 disulfide bridge connects the N-terminus to the latter part of strand I, and the Cys 11 -Cys 33 , Cys 15 -Cys 35 disulfide bridges connect the helix to strand II. Overall, micasin lacks amphipathic architecture, as identified by its cationic and hydrophobic residues scattered on the structural surface (Fig. 3D) . As expected, micasin shares the highest structural similarity to three AITDs (plectasin, MGD-1 and Cg-Def) with a root mean square deviation (rmsd) of 2.73-4.11 Å (Fig. S2B ). Micasin and plectasin have different structurally flexible regions, and the functional significance of these regions have been highlighted in other defensins (18) . In micasin, a highly flexible loop exists between two rigid β-strands, while in plectasin the variable regions are located in the first three amino-terminal residues and the loop following the α-helix. Although the presence of the CSαβ has been shown to be a prerequisite for structure and function of defensins, a strictly defined structure is not often associated with high antimicrobial activity (18) . In micasin, the flexible loop is structurally located in a previously recognized "γ-core" region that is a common functional domain of many AMPs with phylogenetically diverse origins (19) .
Micasin Kills Bacteria with a New Mode of Action. When assayed for in vitro antimicrobial effect on a broad spectrum of microorganisms, micasin showed potent activity against both G þ and G − bacteria (Table 1) , but had no effect on five filamentous fungi tested or on the yeast Saccharomyces cerevisiae (Table S4) . Of all the sensitive bacteria, micasin displayed the strongest activity against B. megaterium with a lethal concentration (C L ) of 54 nM, and it also killed two clinical isolates of MRSA and the opportunistic pathogen P. aeruginosa at low micromolar concentrations. P. aeruginosa causes significant nosocomial infections, and in most cases it is rather difficult to treat as it has an additional outer membrane permeability barrier (4) . The killing kinetics of micasin against B. megaterium showed that it killed this bacterium more rapidly than vancomycin (Fig. 4A) , an antibiotic inhibiting bacterial cell-wall biosynthesis. The extent of bacterial death caused by micasin and vancomycin is approximately 100% and 78.5%, respectively, after 3 h of incubation with the antibacterial agents. The ability of micasin to permeabilize the bacterial membrane was also assessed with the fluorescent nucleic acid-binding dye propidium iodide. Vancomycin and meucin-18 (a pore-forming peptide from scorpion venom) were used as negative and positive control (20, 21) . No fluorescence increase was observed over 10 min after B. megaterium were exposed to micasin and vancomycin at 5× C L or 10× C L (Fig. 4B) , indicating the bacterial membrane integrity was not destroyed. On the contrary, meucin-18 caused an immediate fluorescence increase upon exposure of the peptide. These observations are in agreement with features of these two control molecules previously reported (20, 21) . At a concentration up to 20× C L , micasin only led to weak dye uptake after 6 min. The lack of membrane permeability to the dye in the range of lethal concentrations suggests that micasin is not a membrane disruptive AMP, consistent with its overall nonamphiphilic architecture (Fig. 3D) . To further explore micasin's antibacterial mode of action, we employed electron microscopy techniques to visualize any potential damage caused by the peptide on the morphology and cellular structures of sensitive bacteria. Scanning electron microscopy revealed no obvious morphological change in B. megaterium treated with micasin at 5× C L after 90 min when compared with the normal cells (Fig. 4C) , which is different from plectasin that changes bacterial morphology due to inhibiting cell-wall biosynthesis by directly binding to its precursor (21) . However, treatment with micasin at this dose led to an effect on the bacterial intracellular components as revealed by transmission electron microscopy. The micasin-treated cells accumulated some internal protein particle-like materials that were not observed with untreated B. megaterium cells (Fig. 4D) , suggesting that micasin kills bacterial cells via an intracellular action mode to affect protein folding. A similar mode of action was previously proposed for several insect AMPs whose killing activity is associated with the inhibition of chaperone-assisted protein folding (3) . A plant defensin NaD1 with the CSαβ motif was reported to enter fungal cells and enhance killing via interacting with intracellular targets (22) . The detailed mechanism of action of micasin awaits further investigation.
Micasin Is a New Antiinfective Peptide with Therapeutic Potential.
Micasin caused no notable hemolysis for mammalian erythrocytes at concentrations up to 50 μM (Fig. 5A) . Moreover, it exhibited high serum stability as identified by no decrease of antibacterial activity, even over 24 h of incubation in mouse serum, where the activity was comparable with that in H 2 O (Fig. 5B) . In contrast, incubation in serum completely inactivated the activity of vancomycin after 24 h. The potential therapeutic efficacy of micasin in providing protection against two lethal infections from S. aureus MRSA P1386 and P. aeruginosa was evaluated by a mouse peritonitis model. In these assays, all eight mice in the vehicle-treated control group died after 24 h of inoculation of S. aureus MRSA P1386 or P. aeruginosa, whereas most of the mice treated with micasin survived the 7-day study period with a survival rate of 79.5 AE 5.7% for S. aureus MRSA P1386 (Fig. 5C ) and 91.7 AE 5.7% for P. aeruginosa (Fig. 5D ). All the deaths occurred before the third day of inoculation. Overall, the protection efficiency of micasin is comparable with vancomycin.
Discussion
Penicillin is the first antibiotic isolated from the fungus Penicillium chrysogenum (23) . From 1930 to 1962, more than 20 unique classes of antibiotics were produced and marketed. However, since then the world has made only two new classes of antibiotics (24, 25) . The discovery of peptide antibiotics in diverse fungal species is thus of considerable importance, as it demonstrates that fungi are a rich resource of human medicines to be exploited. The protection from infections of S. aureus and P. aeruginosa by micasin indicates that relative to mammalian AMPs (7, 26) , fungal DLPs have more advantages as human drugs owing to their potent therapeutic efficacy associated with the high antibiotic activity and serum stability as well as low toxicity.
In the initial stage of this study, we attempted to isolate micasin as well as micasin-1 from the liquid culture of M. canis by traditional biochemical techniques, but failed. This result was probably due to their low abundance in the culture because their relatively rare trascripts can be only amplified by two rounds of nested PCR. In fact, plectasin was also identified by a genetic approach, instead of biochemical purification, to trap cDNA clones encoding a signal peptide by a transposon-assisted signal trapping system (10) . However, such a genetic approach depends on large-scale random sequencing. Alternatively, the resource of sequenced fungal genomes will accelerate our study in that it can rapidly recognize DLPs in a given fungal species, and then a series of molecular and biochemical experiments as well as functional assays can be performed. We found that nearly all the DLPs identified here are derived from Pezizomycotina (Ascomycota). Such a species-specific phylogenetic distribution should not be due to sampling bias, because there are only six species of Pezizomycotina whose genomes were completely sequenced; in Saccharomycotina (Ascomycota), the number is thirteen. It is known that Ascomycota is the largest phylum of Fungi, comprising almost 50% of all known fungal species, and Pezizomycotina is the largest subphylum of Ascomycota, containing more than 32,000 described species (27) , which constitute a tremendous resource library of templates for molecular design. For example, current fungal geneome projects include at least 74 Pezizomycotina species whose genomes are being sequenced.
As Pezizomycotina species occur in numerous ecological niches and occupy virtually all terrestrial and aquatic ecosystems, it remains an open question as to why Pezizomycotina rather than other subphylums of Ascomycota retains DLPs during evolution. The antibacterial spectrum of micasin could provide clues to answer this question. Molecular detection has identified seven bacterial species (S. epidermidis, S. aureus, Streptococcus mitis, Propionibacterium acnes, Corynebacterium spp., Acinetobacter johnsonii, and P. aeruginosa) frequently inhabiting human skin, which provide protection from other microbial infections (28) . One such example is that P. aeruginosa in human skin produces compounds to kill and inhibit fungal growth (28) . In addition, S. epidermidis was also found to generate phenol-soluble antimicrobial agents to contribute to normal defense at the epidermal interface (29) . In this case, we assume that as common pathogens of animal and human skin (30) , dermatophytes firstly need to fight against the bacterial flora by producing defensins to successfully survive on human skin. Consistent with this assumption, among the skin bacteria, three (S. epidermidis, S. aureus and P. aeruginosa) were used in this study and all are sensitive to micasin; in contrast, it had no effect on M. canis itself and the gut-derived Escherichia coli. This finding supports a potential role of micasin in competition with bacterial flora and suggests that dermatophytic defensins (i.e., micasin, tritosin, trivesin and trirusin) could be particularly useful in developing drugs against human skinderived opportunistic pathogens.
Materials and Methods
The database search strategy for finding new defensin-like genes has been described previously (12) . Briefly, amino acid sequences of plectasin and related defensins were first used as a query to perform TBLASTN search of fungal genomic database (http://www.ncbi.nlm.nih.gov) under the default parameters. This database includes 134 species of fungi with 26 genomes completely sequenced. The presence of a signal peptide combined with a "hallmark" defensin cysteine motif was used to filter the hits.
Additional experimental procedures are provided in SI Materials and Methods
